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Escherichia coli is the most completely characterized prokaryotic model organism and one of the dominant
indicator organisms for food and water quality testing, yet comparatively little is known about the structure of
E. coli populations in their various hosts. The diversities of E. coli populations isolated from the feces of three
host species (human, cow, and horse) were compared by two subtyping methods: ribotyping (using HindIII)
and antibiotic resistance analysis (ARA). The sampling effort required to obtain a representative sample
differed by host species, as E. coli diversity was consistently greatest in horses, followed by cattle, and was
lowest in humans. The diversity of antibiotic resistance patterns isolated from individuals was consistently
greater than the diversity of ribotypes. E. coli populations in individuals sampled monthly, over a 7- to 8-month
period, were highly variable in terms of both ribotypes and ARA phenotypes. In contrast, E. coli populations
in cattle and humans were stable over an 8-h period. Following the cessation of antibiotic therapy, the E. coli
population in the feces of one human experienced a rapid and substantial shift, from a multiply antibiotic-
resistant phenotype associated with a particular ribotype to a relatively antibiotic-susceptible phenotype
associated with a different ribotype. The high genetic diversity of E. coli populations, differences in diversity
among hosts, and temporal variability all indicate complex population dynamics that influence the usefulness

of E. coli as a water quality indicator and its use in microbial source tracking studies.

The structure of Escherichia coli populations influences sev-
eral aspects of public health. Pathogenic subtypes of E. coli are
known to cause illness around the world (18), and an increased
understanding of the genetic variability of populations in ani-
mal reservoirs can inform epidemiological studies. E. coli is
also one of the standard indicator organisms for fecal pollution
in environmental waters (1). The natural host range of E. coli
includes all warm-blooded animals, some cold-blooded ani-
mals (12), and environmental reservoirs, such as sediments (2,
32) and free-living strains (24); therefore, the source of fecal
pollution in water bodies is often ambiguous. Knowledge of
indicator organism source is necessary for risk assessment and
remediation of polluted waters, including application, such as
total maximum daily load assessment. Consequently, the field
of microbial source tracking (MST), which seeks to determine
the origin of fecal material in water, has emerged (4, 7, 10, 14,
23, 31, 35).

Many microbial source tracking methods rely on the premise
that, in their gastrointestinal tracts, animal species contain
distinct subtypes of E. coli that are shed in their feces. Match-
ing the subtypes of E. coli identified in polluted watersheds to
those isolated from known sources would hypothetically allow
the identification of the source of the pollution (28). Many
MST methods require a library of E. coli subtypes isolated
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from the feces of known animal species in order to act as a
predictive tool (13, 14, 17, 22, 23, 29) and are collectively
known as library-based methods (30). Methods used to subtype
the members of these E. coli subpopulations include, but are
not limited to, antibiotic resistance analysis (ARA) (14, 31, 35)
and ribotyping (4, 23). Studies of the population structure
and dynamics of E. coli within animal species are essential
when determining the proper sampling strategy for con-
structing a representative MST library (30). Natural variabil-
ity in E. coli populations that could reduce library accuracy may
occur at many levels, including inside the gastrointestinal tracts
of individual animals (16, 20), over time (36), and over geo-
graphic distances (8, 11, 26, 33). Direct comparisons of E. coli
population biology in various host animals are rare in the
literature, as most studies have focused on one host species (5,
8, 16, 27, 34).

The aim of this study was to investigate the diversity and
stability of E. coli populations within the feces of individuals
belonging to three mammalian host groups (humans, horses,
and beef cattle). These groups have high potentials for im-
pacting surface water quality and are commonly used for
MST libraries; furthermore, both human and cattle feces
have a high potential for the carriage of human pathogens.
Genetic diversity was assessed by ribotyping using one en-
zyme (HindIII), while phenotypic diversity was assessed by
ARA. We hypothesized that subtype diversity would differ
from the individual level to the host species level and among
different host species. Furthermore, if the basic premise
behind MST is true, there should be significantly greater
commonality (sharing) of genotypes or phenotypes within
host groups than between host groups. The effect of diver-
sity on obtaining a representative sample of E. coli subtypes
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FIG. 1. Experimental design. Letter designations A, B, C, D, E, and X refer to the individual sampled.

from hosts was also assessed, as it directly impacts sampling
strategies for library construction.

MATERIALS AND METHODS

Sample collection. For comparisons of E. coli diversity among host species,
fecal samples were obtained from five individuals of humans, horses, and adult
beef cows. The sampling scheme is outlined in Fig. 1. Cattle were from the same
herd in Tampa, Florida, horses were stabled at the same farm, and humans were
coworkers. Fecal samples were collected using sterile swabs that were moistur-
ized with phosphate-buffered saline. Cattle and horse feces were sampled by
stabbing one swab multiple times into a fresh fecal mass, while for humans, an
anal swab was obtained. Three swab samples per individual from each animal
and human were collected in a single day for an experiment in which sampling
time points were ~4 h apart. Three of the five individuals of each animal species
were randomly selected for further study. These three individuals were sampled
once a month (with a single swab per date) for an additional 7 months. To further
study temporal stability of E. coli populations within humans, a single human
(human X) who had not previously donated samples was sampled on a daily basis
with a single swab for 2 weeks and subsequently on a weekly basis for the next 2
weeks (Fig. 1).

All swabs were streaked onto mFC agar plates (100-mm diameter), which were
incubated overnight in a water bath at 44.5°C for fecal coliform isolation (1).
With sterile toothpicks, 25 blue colonies per swab were transferred into wells of
microtiter plates that contained EC broth amended with 4-methylumbelliferyl-
B-p-glucuronide (MUG) (50 wg/ml). B-Glucuronidase activity, which is specific
to E. coli in the fecal coliform group, was assessed by MUG cleavage and
determined by fluorescence in the microtiter plate upon exposure to UV light
(3). Only MUG-positive colonies were further analyzed. Ten percent of all
MUG-positive colonies were speciated using API 20E biochemical test strips
(bioMerieux, Inc.), and all were confirmed as E. coli.

Ribotyping. A 1-day experiment in which individuals were sampled three times
at ~4-h intervals was conducted. Fifteen E. coli isolates per individual host
animal were ribotyped (Fig. 1). These isolates were randomly picked from frozen
stocks and were a subset of the 25 E. coli isolates collected at each time point. In
the case of the 7-month time course studies, five E. coli isolates per sampling
event from each individual were ribotyped. These isolates were also randomly
chosen as a subset of the 25 isolates collected from each single swab at each
sampling event. All E. coli isolates were ribotyped using HindIII and a modifi-
cation of the protocol described by Parveen et al. (23), which is detailed in the
work by Anderson et al. (2).

ARA. For the 1-day experiment, approximately 60 E. coli isolates (all of the E.
coli isolates collected from all three swabs that were successfully recovered from
cryostorage) per host individual were analyzed by antibiotic resistance analysis

(Fig. 1) (31, 35). For the time course study, approximately 20 isolates (all isolates
collected from each single swab that were successfully processed and recovered)
were analyzed by antibiotic resistance analysis for each sampling event for all
individuals. Isolates were grown in 96-well microtiter plates filled with EC broth
and incubated overnight at 37°C. These cultures were diluted to a McFarland
standard of 0.5 (absorbance at 600 nm of ~0.1) with sterile, nanopure water, and
100 wl of this diluted culture was transferred to a new microtiter plate. Up to 96
E. coli isolates were prepared as inoculum cultures for each microtiter plate.
These microtiter plates were used as the inocula for a series of antibiotic Muel-
ler-Hinton plates. Mueller-Hinton agar (Difco, Sparks, MD) plates (150-mm
diameter) were each amended with a single antibiotic as described in Table 1.

The diluted E. coli inoculum was stamped onto each of the antibiotic plates
with a sterile, 96-prong replicator. Each plate was also inoculated with a positive
control, E. coli strain ATCC 25922, to assess reproducibility (Table 1). The plates
were incubated overnight at 37°C. Any discernible growth on the antibiotic plates
was scored as positive, including patchy growth. No attempt was made to distin-
guish resistance acquired via a recent mutation from preexisting resistance, as
the control strain sometimes demonstrated patchy growth in the presence of
antibiotics to which it was resistant.

TABLE 1. Antibiotics and the concentrations used for ARA and the
antibiotic resistance pattern of control strain E. coli ATCC 25922

Concn(s) Concn (pg ml™')
Antibiotic tested in E. coli
(pg ml™h ATCC 25922
Amoxicillin 4.0 and 128.0 4.0
Cephalothin sodium salt 32.0 8.0
Chloramphenicol 4.0 0.0
Chlortetracycline hydrochloride 20.0 and 80.0 0.0
Doxycycline hydrochloride 4.0 0.0
Gentamicin sulfate 1.0 0.0
Kanamycin monosulfate 3.0 0.0
Nalidixic acid sodium salt 3.0 0.0
Neomycin 3.0 0.0
Norfloxacin 0.1 0.0
Oxytetracycline hydrochloride 20.0 0.0
Penicillin G 20.0 and 200.0 20.0
Rifampin 2.0 and 16.0 2.0
Streptomycin sulfate 20.0 and 80.0 0.0
Tetracycline hydrochloride 4.0 and 64.0 0.0
Trimethoprim 0.25and 1.0 0.3
Trimethoprim-sulfamethoxazole (1:19) 5.0 0.0
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TABLE 2. Average diversity measurements of E. coli subtypes®

APPL. ENVIRON. MICROBIOL.

Subtyping method and source Richness estimator (S)

Shannon index (H')

Pielou’s evenness (J')

Simpson index (1/\)

Ribotyping
Beef cow 34(£21)a
Horse 92(+=32)b
Human 22(x20)a
Antibiotic resistance analysis
Beef cow 102(=29)a
Horse 105(=1.7)a
Human 44(x23)b

0.67 (= 0.58) a
2.00 (= 0.46) b
0.43 (= 0.69) a

1.40 (+ 0.38) a
1.86 (= 0.25) a
0.59 (+ 0.44) b

0.69 (+ 0.28) a
0.90 (+ 0.09) a
0.95 (+ 0.08) a

0.61 (+0.13)a
0.79 (+ 0.06) a
0.55 (+ 0.28) a

22(+14)a,b
21.1 (= 19.0) b
2.1(+20)a

30(+1.1)a
55(+27)b
1.6 (* 0.6) c

“ Subtypes were isolated from five individuals per host species during the 1-day study. Values that share the same letter within columns are not significantly different.

Statistical analysis. Ribotype similarity was analyzed using BioNumerics soft-
ware (Applied Maths, Belgium). Similarity dendrograms were constructed using
the Dice coefficient algorithm with maximum similarity. The software optimiza-
tion setting was 0.2, and the position tolerance setting was 0.7. The similarity of
replicate analyses of an E. coli control strain (ATCC 9637), starting with cells and
proceeding through ribotyping, was 90% similar or greater; therefore, patterns
that were at least 90% similar were considered to belong to the same subtype.
These relationships were confirmed by eye.

Antibiotic resistance patterns (ARPs) were also analyzed using BioNumerics
software. ARPs were compared by constructing a similarity dendrogram using
the binary coefficient of simple matching (>50% mean). Simple matching con-
siders the exact antibiotic concentrations when comparing the similarities of
different ARPs, giving each concentration equivalent weight, even if the concen-
trations are geometrically increasing. The similarity of ARPs of an E. coli control
(ATCC 25922) using the settings above was at least 94%; therefore, ARPs were
considered the same if they were at least 94% similar.

Diversity indices were used to assess the structures of E. coli populations. The
observed frequency and distribution of E. coli subtypes, determined by ribotype
or ARP, were compared within and between three host categories. Four different
indices from the Hill family of diversity indices were used: (i) a richness estimator
(S) was calculated the number of different subtypes; (ii) Shannon’s index (H")
was calculated as H' = —3p,n(p;) (where p; is the number of isolates with
pattern [i]/total isolates); (iii) Simpson’s index (\) was calculated as X[n;(n;, —
1))/[n(n — 1)] (where n; is the number of isolates with subtype [i] and 7 is the
total number of isolates); and (iv) Pielou’s evenness (J') was calculated as H'/InS
(19). Diversity measurements were calculated separately for each individual, and
means were calculated for each host category. One-way analysis of variance with
Dunnett’s posttest was performed using GraphPad InStat, version 3.00 (Graph-
Pad Software, San Diego, CA), on all diversity measurements to compare E. coli
population structures among the different source categories. Significance was
determined at a P value of <0.05. Accumulation curves were created using the
statistical software EcoSim 700 (9). The values for these curves were obtained
using the accumulation curve calculation with 1,000 iterations within the species
diversity function of EcoSim 700. These values were imported into Microsoft
Excel for graph production.

RESULTS AND DISCUSSION

E. coli diversity in individuals over 1 day. The diversity
measurements of E. coli ribotypes sampled during the 1-day
experiment were calculated for each of five individual host
animals and were averaged in order to compare the diversities
of E. coli populations of cattle, horses, and humans (Table 2).
Ribotype diversity in the feces of individual horses was signif-
icantly greater than that in either cow or human individuals
based on all diversity measurements (P < 0.05), although even-
ness (J') measurements were not significantly different among
hosts (Table 2). The ribotype diversity of E. coli populations of
individual cattle was not significantly different from those in
humans, although diversity tended to be higher in cattle.

Diversity measurements of ARPs of E. coli populations
were also significantly different among host species (Table
2). ARPs of E. coli populations in individual humans were

significantly less diverse than in the E. coli populations of
both cattle and horse individuals based on all diversity mea-
surements. However, there was no significant difference
noted between the evenness values (J') among host species.
There was no significant difference in the diversity measure-
ments obtained for the E. coli populations of cow individuals
compared to those of horse individuals according to the
richness estimator and the Shannon index. However, the E.
coli populations of horse individuals demonstrated a signif-
icantly higher Simpson value (1/\ = 5.5) than did the E. coli
populations of cattle (1/x = 3.0).

Accumulation curves were constructed for E. coli ribotypes
sampled from each host species during the 1-day study. The
graphs demonstrate the average number of new E. coli sub-
types that were observed with increased sampling effort for
each host species (Fig. 2A and B). Ribotype accumulation
curves demonstrated that, on average, the dominant E. coli
populations within individual humans required the fewest iso-
lates to obtain a representative sample (Fig. 2A). Thus, in the
case of humans and beef cattle, collecting several isolates (e.g.,
five) per individual could adequately represent the ribotype
diversity of the dominant E. coli populations. Furthermore, the
same set of ribotypes was generally sampled from an individual
at each of the three times over the 1-day period, demonstrating
temporal stability of the population over an 8-h period. In
contrast, the slope of the accumulation curve for E. coli ri-
botypes from horses did not approach an asymptote and it is
clear that more than 15 isolates per individual were required to
adequately sample the populations in horses (Fig. 2A). Tem-
poral stability of sampled E. coli ribotypes was not observed in
horses; however, from the data collected, it is not possible to
determine whether the E. coli population in horses was turning
over on a <12-h time scale or whether the apparent lack of
temporal stability was due entirely to undersampling of the
population.

Accumulation curves based on ARPs demonstrated that
feces from human individuals contained the least diverse E.
coli population, requiring ~15 isolates to represent the domi-
nant ARPs in their E. coli populations (Fig. 2B). In contrast to
ribotyping results, the accumulation curves of ARPs indicate
that E. coli populations of individual cows would require a
sampling effort similar to that for horses (~45 to 50 isolates
per individual). The slopes of the ARP accumulation curves for
all host species, particularly cattle, were steeper than the slopes
of ribotyping accumulation curves. The graphs demonstrate
that the sampling efforts required to represent population di-
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FIG. 2. Accumulation curves representing the average number of unique patterns observed per host individual by ribotyping (A) and antibiotic

resistance analysis (B) during the 1-day experiment.

versity differed based on both the host source of the E. coli
population (i.e., cattle, humans, or horses) and the typing tech-
nique used.

This is the first study to systematically compare the diversi-
ties of E. coli populations of individuals from different animal
hosts using both a phenotypic and a genotypic subtyping
method. The diversity of E. coli populations was determined by
using several different measurements because each measure-
ment has advantages and disadvantages, i.e., richness captures
the presence of rare subtypes by giving all subtypes equal value
regardless of abundance, the Simpson’s index gives more
weight to the most abundant, dominant subtypes over rare
subtypes, and the Shannon index falls in between, accounting
for both the frequency and abundance of each subtype (15). In
the host groups sampled, E. coli populations of individual
horses were the most diverse according to all indices by both
genotypic and phenotypic assessments, followed by those of
cattle and humans. It is probable that the diversity of E. coli
ribotypes in horses was underestimated in this study as well as
the diversity of ARPs in cattle and horses, as illustrated by the
species accumulation curves (Fig. 2A and B). However, since
the E. coli ribotypes of human and cow individuals and the
ARPs of human individuals appear to have been adequately
sampled, the general trend is still informative.

These results have several important biological and public
health implications. In general, they suggest that the conclu-
sions made about E. coli population structure and dynamics in
a single host species should not be generalized to other host
species. The observed differences in diversity particularly im-
pact MST methods, as an MST library should adequately rep-

resent the diversity of the indicator organism population for it
to be an effective predictor of the source of fecal pollution (25).
Previous MST studies have generally used arbitrary criteria to
select the number of isolates to analyze per individual fecal
sample (4, 10, 14, 31, 35), i.e., a set number for all source types
or all of the available isolates from a fecal sample. Our data
indicate that preliminary studies of E. coli diversity in various
animal hosts should be carried out as a prelude to library
development and should be conducted separately using indi-
vidual methods if a method comparison is planned. Such strat-
egy would ensure that the genetic diversity of E. coli popula-
tions in host animals is captured, while avoiding unnecessary,
expensive processing of isolates that would cause redundancy
in the library (17). Furthermore, this strategy is generally ap-
plicable to studies of E. coli population biology.

Diversity measurements for all host species were signifi-
cantly higher by ARA than by ribotyping, and accumulation
curves demonstrated that, for representative sampling, greater
sampling effort is required with ARA than with ribotyping.
Almost four times as many isolates were processed using ARA
compared to that using ribotyping, which was a logistically
driven decision based on the relative costs of the analyses.
Although most published MST studies have relied mainly on
logistical factors to determine the number of isolates typed per
animal, this work demonstrates the pitfalls associated with
such an approach. Comparing ribotype diversity data with
ARP diversity data from this study must be done with caution
because of the discrepancy in the number of isolates typed;
however, comparisons can be made in the cases of host species
whose fecal flora was adequately represented by the sampling
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TABLE 3. Sharing of E. coli subtypes within and among
individuals belonging to the same host species”

Subtyping method and pattern Cattle (%) Horse (%) Human (%)

Ribotyping
Unique (observed once) 10.6 46.6 4.1
Multiple within individual 42.7 50.7 95.9
Shared by two individuals 46.7 2.7 0.0
Shared by three individuals 0.0 0.0 0.0
Shared by four individuals 0.0 0.0 0.0
Total 100 100 100
ARA
Unique (observed once) 9.5 2.7 35
Multiple within individual 13.5 5.5 21.1
Shared by two individuals 52.8 23.1 422
Shared by three individuals 12.1 40.2 0.0
Shared by four individuals 12.1 28.5 332
Total 100 100 100

“ The categories are mutually exclusive, e.g., a subtype shared by three indi-
viduals would be counted only in that category. For ribotyping, n was 75, 72, and
75 for cattle, horses, and humans, respectively; for ARA, n was 226, 302, and 355
for cattle, horses, and humans, respectively.

effort. E. coli ribotypes in cattle, which were adequately sam-
pled (Fig. 2A), were far less diverse than ARPs in cattle.
Although cattle ARPs were undersampled, the comparison is
still informative because, if anything, the undersampling of
cattle ARPs underestimated the phenotypic diversity. Like-
wise, E. coli ribotypes from human individuals were less diverse
than ARPs and both of these parameters were adequately
sampled (Fig. 2A and B).

Subtype sharing within and among host species on a limited
temporal scale. Individuals were sampled three times in one
day to determine the observed overlap of E. coli subtypes
within individuals, among individuals of the same host species,
and among individuals belonging to different species. The in-
dividuals belonging to each species were not from independent
populations, as horses were from one herd, cattle were from
one herd, and humans worked in the same laboratory. We
hypothesized that extensive sharing of subtypes within a host
group would occur, particularly among horse individuals and
among cow individuals; however, almost 47% of E. coli ri-
botypes sampled from horses were unique (observed only once
in horses during the study) (Table 3). This observation reflects
the high diversity of the populations in horse feces and is
probably also influenced by the fact that they were under-
sampled. Ribotypes of E. coli isolated from cattle and humans,
which were adequately sampled, were much less likely to be
unique within their respective groups, but were most likely to
be sampled from only one individual (50.7 and 95.9%, respec-
tively). Only cattle demonstrated a tendency to share ribotypes
between two individuals (46.7%), in contrast to results re-
ported in a previous study (16) that found that any given E. coli
ribotype was infrequently sampled from more than one animal
in a herd. Although the authors did not report diversity mea-
surements in their work, a rough comparison with our results is
possible by comparing estimated richness values. The average
richness of E. coli ribotypes from cows was 3.4 in this study.
Twenty-four cows sampled once each in the previous study (16)

APPL. ENVIRON. MICROBIOL.

TABLE 4. E. coli subtype distribution among host species®

. % Ribotypes % ARPs

Host species (n = 2%’5) (n = 857)
Human only 28.8 2.4
Cow only 10.9 9.0
Horse only 31.1 11.6
Human and horse 0 34
Human and cow 0 0.6
Horse and cow 22.5 14.8
Human, horse, and cow 6.7 59.2

“The categories are mutually exclusive, e.g., a subtype shared by three host
species would be counted only in that category.

yielded 240 different ribotypes, for a rough richness measure-
ment of 10 within each animal. The greater richness estimate
obtained from the previous study could well be due to a dif-
ference in the ribotyping method, as that study used two en-
zymes for ribotyping, while our study used one enzyme. One
possible interpretation of this comparison is that the ability of
the two-enzyme ribotyping method to discriminate between
closely related E. coli subtypes obscured the relatedness of the
E. coli isolates within the cattle herds.

ARPs were generally shared among many individuals, in
contrast to ribotypes. The majority of E. coli isolates from
cattle, horses, and humans had an ARP found in two or more
individuals, and a number of ARPs were observed in as many
as four different individuals from the same host species (Table
3). Horses demonstrated the greatest frequency of ARP shar-
ing (91.8% of ARPs shared among multiple individuals), while
humans demonstrated the lowest frequency of ARP sharing
among multiple individuals (75.4%), although this value was
still very high compared to that for ribotype-sharing frequency.
The ARP sharing among horses stands in contrast to ribotype
sharing and may be due, in part, to greater sampling effort in
the case of ARA.

Ribotype and ARP sharing among different host species
were also assessed (Table 4). Most of the E. coli isolates
(70.9%) had a ribotype that was observed in only one host
species (Table 4). More than 22% of E. coli isolates shared a
ribotype that was observed in both horses and cattle, and 6.7%
of the E. coli isolates had a ribotype that was shared by cattle,
horses, and humans. It is possible that a greater extent of
interspecies ribotypes sharing would have been observed if E.
coli populations in horses had been adequately sampled.

A high degree of interspecies sharing of E. coli ARPs was
observed (Table 4) in spite of the fact that E. coli populations
in both horses and cattle were undersampled. One would ex-
pect that the extent of interspecies sharing would increase, if
anything, if representative sampling were attained for all host
species. The majority of E. coli isolates (77.0%) had an ARP
that was observed in two or more host species. In fact, 59% of
the E. coli isolates analyzed by ARA had an ARP observed in
all three host species. A very small proportion of E. coli isolates
had an ARP that was shared only by horses and humans or by
cattle and humans.

Few studies have directly compared E. coli subtype distribu-
tions within different host species. One study subtyped 655 E.
coli isolates by multilocus enzyme electrophoresis from 34 dif-
ferent individuals (23 humans, 6 dogs, and 5 cats) (5). Subtypes
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FIG. 3. The temporal persistence of E. coli subtypes isolated from individual cattle, horses, and humans as determined by ribotyping (A) and
ARA (B). Each bar represents the number of different subtypes sampled from one individual over 7 to 8 months, and the shading designates the

number of months in which the subtypes were observed.

were frequently observed multiple times within single individ-
uals (85% of E. coli isolates), and only a small proportion of
subtypes (7%) were shared between individuals (5). Compar-
atively greater E. coli subtype sharing between individuals was
observed in our study, particularly in the cases of ribotypes
from cattle and in general for ARPs. The extent of subtype
sharing was probably influenced both by the host species sam-
pled and by the typing methods used.

We originally hypothesized that subtype sharing would be
hierarchical, i.e., the greatest frequency of subtype sharing
would occur within individual animals, followed by sharing
between different individuals in the same host category, and
finally between animals in different host categories (the last
two are major assumptions of library-based MST methods).
Horses and cattle tended to share ribotypes, and the majority
of E. coli ARPs were observed in all three source categories.
These observations are not consistent with the “host specific-
ity” characteristic of an ideal source identifier, which states
that subtypes be restricted to a particular host species or group
(30). Limited sharing among host groups can still allow differ-
ential distribution of E. coli subtypes (13, 15), which is a char-
acteristic of a useful source identifier (30); however, library-
based methods using ribotyping (21, 22, 26, 29) and ARA (13,
21) of E. coli have demonstrated incomplete discrimination
among isolates from various host species. The sharing of sub-
types among various host groups is doubtless a major contrib-

utor to the inaccurate source classifications observed in these
studies.

Temporal variability of E. coli populations within individu-
als. Three individuals of each host species were sampled once
a month for 6 to 8 months. The number of months during
which each specific ribotype was observed in each individual is
shown in Fig. 3. Each bar represents the number of different
subtypes observed within one individual, and the pattern cod-
ing represents the number of times it was observed. For exam-
ple, samples from cow A yielded 14 different ribotypes over the
time course (Fig. 3A); 12 were observed in only one sample
(one month), and 2 were observed during 2 to 3 months. The
trends in genotypic diversity observed in this 8-month study
were similar to those observed in the 1-day experiment dis-
cussed above, i.e., E. coli subtype diversity was highest in horse
feces, followed by cattle, and then humans. This observation is
apparent from the height of each bar in Fig. 3A; although
roughly the same number of isolates (35 to 40) were typed per
individual, the number of ribotypes observed over time in
horses was much greater than that observed in cows and hu-
mans. E. coli subtype richness values were similar (and not
significantly different) among individuals belonging to the
same host species. The vast majority of ribotypes were ob-
served at only a single sampling event in a given animal (Fig.
3A). There was little difference between the persistence of E.
coli ribotypes from different source categories, although the
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TABLE 5. Subtype sharing over a 6- to 8-month temporal scale”

. No. of No. (%) of % Sharin_gb
Subtyping different ribotypes or prevalence in’:
mle;gi,? dg;?é)Of ribotypes or  ARPs shared \yithin Two Three

ARPs ahost species i gividuals  individuals

Ribotypes

Cow (3) 37 7(18.9) 100.0 0

Horse (3) 80 11 (13.8) 91.5 8.5

Human (3) 22 1(4.5) 100.0 0
ARPs

Cow (3) 76 17 (22.4) 47.0 53.0

Horse (3) 155 32 (20.6) 66.0 34.0

Human (3) 68 12 (17.6) 83.0 17.0

“ Results show the number of different subtypes observed in three individuals
of each host species and the frequency of subtype sharing among individuals
within a host species. Prevalence represents the number of host individuals that
shared these subtypes.

® The percentage of shared subtypes observed in two or three individuals from
a host species.

most persistent ribotype was isolated from human B and was
observed in samples from six different months (resulting in a
very short bar in Fig. 3A).

ARA subtyping of E. coli yielded similar results (Fig. 3B).
The measured diversity for all individuals at any given month
was similar to that observed at the one-time sampling event;
horses harbored the most diverse E. coli population and hu-
mans the least diverse. Most ARPs were observed at only a
single sampling event, but the most persistent ARP was ob-
served in human B and was sampled at six different months,
which coincides with ribotyping results (Fig. 3B). These results
suggest that the E. coli populations in feces of individual hu-
mans, horses, and cows are not temporally stable and experi-
ence significant turnover on a monthly time scale but also that
these population characteristics can differ among host individ-
uals of the same species.

Subtype sharing among individuals within a host species was
assessed across the 6- to 8-month sampling period (Table 5).
For this analysis, subtypes were considered “shared” if E. coli
strains with the same subtype were isolated from two different

gé 555§

Human X -Ribotyping

# of isolates with ribotype
w

{3°
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individuals, regardless of the sampling date. Trends in subtype
sharing were similar to those in the 1-day experiment, as a
small proportion of ribotypes and ARPs were shared between
individuals within each source category. Humans demon-
strated the lowest frequency of ribotype sharing among indi-
viduals. Only one ribotype (4.5% of the different ribotypes
identified) was shared by two individuals, and no ribotypes
were shared by three individuals (Table 5). Cattle demon-
strated a higher frequency of ribotype sharing. Of the different
ribotypes identified in cow feces, 18.9% were shared by two
individuals, and none were shared by three. Horses also tended
to share ribotypes over time and were the only species in which
one ribotype (8.5%) was shared by three individuals. Similar
trends were noted for ARA (Table 5), although the frequency
of sharing was generally greater than that observed for ribotyp-
ing. The frequency of ARP sharing was lowest among humans
(17.6%) and slightly higher among cattle and among horses. In
contrast with ribotyping results, shared ARPs were frequently
observed among all three individuals of each host species (53%
for cattle, 34% for horses, and 17% for humans).

The distributions of E. coli subtypes in the feces of individ-
uals were not temporally stable and changed on a monthly
basis, although they were stable over a 1-day time scale (dis-
cussed above). Furthermore, the majority of E. coli subtypes
observed at any given time point within an individual did not
persist for longer than 1 month. These results support the
findings from a previous study on changes in the E. coli pop-
ulation isolated from a human over time (6), in which typing by
multilocus enzyme electrophoresis determined that most sub-
types were observed at only one sampling event, and the pre-
viously discussed study on E. coli populations in cattle (16).
Our study extends these findings to multiple individuals of
three host species. These findings indicate that an MST library
of E. coli subtypes isolated from known sources is unlikely to
be representative of the E. coli population impacting a water
body unless known-source fecal samples are collected concur-
rently with water samples, which is not the current practice in
MST studies (30).

Temporal variability of the E. coli population of one human
over 1 month. The preceding experiments demonstrated that

Human X - ARA
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FIG. 4. The abundance and persistence of subtypes within human X over 1 month as determined by ribotyping (A) and ARA (B). Each bar
represents the number of isolates typed for each sampling date. Each different subtype is designated by a number and a color.
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within individuals, the dominant E. coli subtypes that are shed
in feces changes greatly in a single month. In order to assess
the turnover of an E. coli population within an individual on a
finer time scale, daily samples were taken from a human (hu-
man X) who was not sampled during the previous experiments
(Fig. 4A and B). Human X had been on an antibiotic treatment
of trimethoprim-sulfamethoxazole for 1 week, which ended 5
days prior to the first sampling. Both ribotyping and ARA
results demonstrated similar trends: the E. coli population was
dominated by two distinct subtypes. Ribotype 2 and ARP 9
were observed in only the first few days of sampling, while
ribotype 1 and ARP 3 persisted throughout the entire month.
Ribotype 2 was always associated with ARP 9. E. coli with
ribotype 1 usually had ARP 3 (94%), but some ribotype 1/ARP
9 isolates were sampled during the second week of the exper-
iment (6%). ARP 9 represents an E. coli subtype that was
relatively antibiotic resistant, i.e., ARP 9 denotes resistance to
amoxicillin (32 wg ml™ "), cephalothin (8 wg ml™'), chlortetra-
cycline (80 pg ml~ "), doxycycline (4 pg ml~ "), oxytetracycline
(20 pg ml™"), penicillin (200 pg ml™'), streptomycin (20 pg
ml ™), tetracycline (64 pg ml™'), trimethoprim (1 pwg ml™!),
and trimethoprim/sulfonamide (5 pwg ml~!') and could also
grow on low levels of chloramphenicol (4 wg ml™') and ri-
fampin (2 pg ml~"). ARP 3 was susceptible to low levels of all
antibiotics, tolerating only chloramphenicol (4 wg ml~'), chlor-
tetracycline (20 pg ml~ "), penicillin (20 pg ml™ "), rifampin (2
pg ml~ 1), and trimethoprim (0.25 wg ml~*). Although isolates
with ARP 9 were assessed for plasmid presence, none were
found and the possibility of integron presence was not ex-
plored.

The dominance of ribotype 2/ARP 9 in the first days of the
study, followed by the turnover and dominance by ribotype
1/ARP 3 (Fig. 4), suggests that the E. coli population experi-
enced selective pressure due to antibiotic therapy prior to the
sample cycle. The ribotype 2/ARP 9 strain may have been
outcompeted by ribotype 1/ARP 3 as the selective pressure
diminished. In spite of the presumably disruptive influence of
antibiotic therapy on the microbial population of the gastroin-
testinal tract, the E. coli population shed by human X demon-
strated far less turnover in 1 month than did populations sam-
pled over the 6- to 8-month time period, with the exception of
the loss of ribotype 2/ARP 9. This experiment detailed the
succession of one dominant subtype over another and included
a possible mechanistic explanation (antibiotic treatment, fol-
lowed by withdrawal). Other selective pressures that may con-
tribute to temporal variability of E. coli subtypes in individuals
include diet, exposure to novel strains through travel or contact
with other individuals, and the health of the individual.

Concluding remarks. E. coli populations of beef cattle,
horses, and humans exhibited complex structures and were
temporally dynamic. Although the observed diversity of E. coli
populations in this study was dependent upon the typing
method, the trend in diversity of horses > cattle > humans was
consistent. The sample size used to characterize population
diversity in this study was arbitrarily chosen, and the data
presented here illustrate the importance of using preliminary
data to estimate an adequate sampling effort. The unstable and
diverse nature of E. coli populations observed in this study has
several practical implications with respect to its use as an
indicator of water quality. The survival rates of E. coli subtypes
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(strains) in environmental waters can differ significantly ac-
cording to strain, and some subtypes exhibit prolonged persis-
tence in the culturable state in environmental waters (2). Such
“survivor” E. coli strains can generate a false indication of
recent fecal contamination and may well be present in the
absence of pathogens. The results of this study suggest that it
will be very difficult or impossible to generalize findings on E.
coli persistence from one situation to the next, as the makeup
of E. coli populations entering the water will be highly variable.
With regard to MST methods, the dependence of E. coli pop-
ulation diversity on the host species, the great sampling effort
required to obtain a representative sample in some host spe-
cies, the temporal variability observed in all host types, and the
lack of host specificity suggest that library-based MST methods
utilizing E. coli experience major logistical limitations.
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